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Retinal Ganglion Cells Lose Trophic Responsiveness
after Axotomy
1998). Depolarization and cAMP elevation rapidly (within
minutes) increase surface levels of the BDNF receptor
TrkB by recruitment from intracellular stores (Meyer-
Shiliang Shen,* Anthony P. Wiemelt,²
F. Arthur McMorris,² and Ben A. Barres*³
*Stanford University School of Medicine
Franke et al., 1998). Rapid recruitment of trophic recep-Department of Neurobiology
tors is a mechanism likely to account for the ability ofStanford, California 94305
depolarization and cAMP to rapidly increase the trophic²Wistar Institute
responsiveness of CNS neurons in culture (Meyer-Philadelphia, Pennsylvania 19104
Franke et al., 1998).
The neurotrophic hypothesis posits that the survival
of developing neurons in vivo is controlled by a competi-Summary
tion for limiting amounts of target-derived trophic fac-
tors (Purves, 1988). In these models, it is generally as-
Whereas PNS neurons in culture are intrinsically re-
sumed that developing neurons are highly responsive
sponsive to peptide trophic factors, retinal ganglion
to their target-derived trophic factors. Although this is
cells (RGCs) are not unless they are depolarized, or
likely to be true for PNS neurons, the finding that RGCs
their intracellular levels of cyclic AMP (cAMP) are ele- in culture are intrinsically unresponsive to trophic factors
vated. We show here that depolarization increases unless they are depolarized suggests that this hypothe-
cAMP in cultured RGCs sufficiently to enhance their sis may be too simple to apply to the developing CNS.
responsiveness and that the trophic responsiveness Thus, in the present study, we have addressed several
of developing RGCs in intact retinas depends on physi- questions. First, do physiological levels of cAMP or elec-
ological levels of activity and cAMP elevation. Respon- trical activity normally regulate the responsiveness of
siveness is lost after axotomy but is restored by cAMP developing CNS neurons in vivo to peptide trophic fac-
elevation. The death of axotomized RGCs can be pre- tors? Second, does loss of trophic responsiveness help
vented if they are simultaneously stimulated by several to explain the vulnerability of CNS neurons to apoptosis
trophic factors together with cAMP elevation. Thus, after their axons are cut?
the death of RGCs after axotomy is not caused solely We show here that the responsiveness of RGCs in intact
by the loss of retrograde trophic stimuli but also by a retinas to peptide stimulation, as measured by mitogen-
profound loss of trophic responsiveness. activated protein (MAP) kinase activation, is nearly abol-
ished by blockade of electrical activity, by adenylyl cy-
clase inhibition, and by axotomy. Responsiveness canIntroduction
be restored by pharmacological elevation of intracellular
cAMP. The axotomy-induced death of RGCs in vivo canThe survival of neurons in vitro and in vivo depends on
be significantly reduced by elevation of cAMP togetherthe continuous inhibition of an intrinsic apoptotic cell
with the same combination of peptide trophic factorssuicide program by trophic signals from neighboring
that promotes their survival in vitro. These findings showcells (Raff, 1992, 1998; Weil et al., 1996; Jacobson et al.,
that physiological levels of electrical activity and cAMP1997). What stimuli are sufficient to promote neuronal
control the responsiveness of RGCs in intact retinas tosurvival? Previous studies have shown that stimulation
peptide trophic stimulation. They also show that theby a single peptide trophic factor is sufficient to inhibit
death of RGCs after axotomy cannot be explained solelyapoptosis of PNS neurons in vitro and in vivo (Levi-
by the loss of retrograde, glial-, and target-derived tro-Montalcini, 1987; Barde, 1989, 1990). In contrast, promo-
phic stimuli but also by a near total loss of trophic re-tion of CNS neuronal survival in culture so far appears
sponsiveness.to require simultaneous stimulation by multiple trophic
peptides (Snider, 1994; Meyer-Franke et al., 1995; Han-
Resultsson et al., 1998). In addition, unlike PNS neurons, many
types of CNS neurons in vitro exhibit little responsive-
Effects of Forskolin and Depolarization on cAMPness to trophic factor stimulation (Meyer-Franke et al.,
Elevation In Vitro1995, 1998). Trophic responsiveness can be enhanced,
Previously we showed that a large increase in cAMPhowever, by depolarization or cyclic AMP (cAMP) eleva-
induced by a high concentration of forskolin enhancestion (Meyer-Franke et al., 1995, 1998; McAllister et al.,
the responsiveness of RGCs to peptide trophic factors1996; Hanson et al., 1998). For instance, the survival of
such as BDNF (Meyer-Franke et al., 1995, 1998). Tothe majority of purified retinal ganglion cells (RGCs) in
determine whether lower, more physiologically relevantculture can be promoted by a combination of brain-
levels of cAMP elevation would also enhance respon-derived neurotrophic factor (BDNF), ciliary neurotrophic
siveness, we examined the behavior of purified postna-factor (CNTF), and insulin-like growth factor 1 (IGF-1) if
tal day 8 (P8) RGCs cultured in various concentrations
their intracellular levels of cAMP are elevated pharmaco-
of forskolin. First, we assessed the effects of pharmaco-
logically, or they are depolarized (Meyer-Franke et al.,
logical agents on cAMP levels by immunostaining with
a cAMP-specific polyclonal antiserum (Figure 1) and by
radioimmunoassay (RIA; Figures 2A and 2C; see Experi-³ To whom correspondence should be addressed (e-mail: barres@
stanford.edu). mental Procedures). As the forskolin concentration was
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Figure 1. cAMP Immunoreactivity in RGCs in Culture
Purified RGCs in serum-free medium were treated for 20 min prior to immunostaining in 0 mM forskolin (A); 1 mM forskolin (B); 10 mM forskolin
(C); 1 mM IBMX (D); 40 mM K1, 2 mM Ca21, and 1 mM IBMX (E); and 40 mM K1, 0 mM Ca21, 2 mM EGTA, and 1 mM IBMX (F). Scale bar, 40 mm.
increased from 0 to 10 mM, intracellular levels of cAMP increasing cAMP levels in the RGCs. To test this possi-
bility directly, we measured cAMP levels in purified P8progressively increased (Figures 1A±1C and 2A). After
only 20 min of incubation with forskolin, bright cAMP RGCs. The cultures were treated with K1 (40 mM), and
then their cAMP levels were assessed both by immuno-immunoreactivity was present in virtually all of the RGC
dendrites, somas, axons, and growth cones (Figures 1B staining and by RIA. After only 20 min of depolarization,
cAMP immunoreactivity was strongly increased through-and 1C).
To determine what degree of intracellular cAMP eleva- out most cells, including dendrites, soma, axons, and
growth cones (Figure 1E). This increase was only observ-tion was necessary to enhance the responsiveness of
the RGCs to BDNF, we measured the survival of P8 able by immunostaining when cyclic nucleotide phos-
phodiesterases, which degrade cAMP, were inhibitedRGCs cultured in the same concentrations of forskolin.
After 3 days of culture in serum-free medium containing with isobutylmethylxanthine (IBMX; 0.1 mM). We pre-
viously reported that depolarization mimicked the abilitya plateau concentration of BDNF (50 ng) and various
concentrations of forskolin, we assessed RGC survival of cAMP elevation to enhance BDNF-promoted survival
(Meyer-Franke et al., 1995). Depolarization significantlyby using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (see Experimental Pro- increased intracellular levels of cAMP by nearly 3-fold,
even in the absence of IBMX, as measured by RIA (Figurecedures). As previously described, BDNF alone is insuf-
ficient to significantly promote RGC survival unless com- 2C). This degree of elevation was thus of a sufficient
degree to significantly enhance BDNF responsiveness,bined with forskolin (Figure 2B). Responsiveness to
BDNF was half maximal at a forskolin concentration as shown in Figure 2B.
RGCs in vivo normally express the type 1 adenylylof about 0.3 mM (Figure 2B) and had plateaued by a
concentration of 3 mM. A comparison of Figures 2A and cyclase (Xia et al., 1991), whose activity is strongly stim-
ulated by calcium, raising the possibility that depolariza-2B shows that it is only necessary to increase intracellu-
lar levels of cAMP slightly, to about twice their basal tion increases cAMP levels in the RGCs by stimulating
calcium influx. To test this possibility, we examined thelevel, in order to strongly enhance their responsiveness
to BDNF. effects of extracellular calcium on the ability of depolar-
ization to increase intracellular cAMP in the RGCs inIn previous experiments, we found that the effects
of forskolin in enhancing BDNF responsiveness were culture. Eliminating calcium from the extracellular me-
dium abolished both the increase in cAMP immunoreac-mimicked by depolarization (Meyer-Franke et al., 1995).
As protein kinase A inhibition blocked this effect of de- tivity in response to depolarization (Figure 1F) and the
increase in cAMP levels measured by RIA (Figure 2C).polarization, it seemed likely that depolarization was
RGCs Lose Trophic Responsiveness after Axotomy
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retinas to their peptide trophic factors. To address this
issue, it was necessary to find a way to measure the
responsiveness of RGCs, which constitute only 0.5% of
total retinal cells, to peptide trophic factors in intact
retinas. Previously, we showed that the trophic respon-
siveness of RGCs in vitro can be assessed by their ability
to activate and translocate MAP kinase from their cyto-
plasm into their nucleus (Meyer-Franke et al., 1998).
Translocation of MAP kinase into the nucleus of the
majority of RGCs was elicited by peptide trophic factor
stimulation only when their cAMP levels were elevated.
Thus, we next determined the ability of peptide trophic
factor stimulation to induce MAP kinase translocation
into the nuclei of RGCs in intact P8 retinas under various
conditions.
On P7, RGCs were retrogradely labeled with fluoro-
gold (see Experimental Procedures). On P8, retinas
were obtained by dissection and incubated for 3 hr either
with control medium, in medium containing BDNF
(50 ng/ml) and CNTF (10 ng/ml), or in medium containing
BDNF, CNTF, and the specific adenylyl cyclase inhibitor
SQ22536 (1 mM; Fabbri et al., 1991). We used BDNF
and CNTF together, because this combination produces
a larger effect on MAP kinase translocation than either
trophic factor alone (Meyer-Franke et al., 1998). Retinas
were then fixed and cryosectioned, and the sections
were labeled with an anti-MAP kinase antibody (see
Experimental Procedures). The percentage of RGCs, as
identified by fluorogold labeling, that had nuclear MAP
kinase was determined for each experimental condition.
The nuclei were identified by labeling using the nuclear
counterstain bisbenzamide.
In control retinas, most RGCs lack MAP kinase stain-
ing in their nuclei. Only about 22% of RGCs had discern-
ible nuclear MAP kinase (Figures 3A±3C and 4A),
whereas in retinas treated with BDNF together with
CNTF, about 52% of RGCs had nuclear reactivity (Figure
4A). Elevating cAMP levels using the cell membrane±
permeable analog of cAMP, chlorphenylthio-cAMP (CPT-
Figure 2. Effects of Forskolin and Depolarization on cAMP Content cAMP; 1 mM), had little effect by itself (28% 6 3%) but
of RGCs in Culture together with BDNF and CNTF further increased the
(A) cAMP content, as measured by RIA of purified RGCs in serum- percentage of RGCs with nuclear reactivity to 65% (Fig-
free culture, that were treated for 24 hr in various concentrations ures 3D±4A). The translocation of MAP kinase into the
of forskolin. nucleus in response to peptide trophic factor stimulation
(B) The percentage of surviving RGCs, as measured by the MTT was nearly entirely abolished by the treatment of theassay, that were cultured for 72 hr in serum-free medium containing
retinas with SQ22536 (Figure 4A). A similar effect was50 ng/ml BDNF and forskolin at the same concentrations tested in (A).
observed using the specific blocker of protein kinase A,(C) cAMP content of purified RGCs in serum-free culture that were
H89 (data not shown). The effect of SQ22536 wastreated with high K1 (40 mM) in the presence or absence of Ca21
(2 mM). All values represent mean 6 SEM, n 5 3, of a representative blocked by inclusion of CPT-cAMP (1 mM) in the test
experiment; all experiments were repeated at least three times. medium, providing evidence that its inhibition of MAP
kinase translocation was mediated by adenylyl cyclase
In addition, the calcium channel agonist BayK8644 (10 inhibition, as expected (Figure 4A).
mM; Docherty and Brown, 1986) mimicked the effect of RGCs in developing retinas are highly electrically ac-
elevated extracellular K1 on cAMP immunoreactivity tive in the absence of visual input (Maffei and Galli-
and BDNF responsiveness; these effects were blocked Resta, 1990; Meister et al., 1991; Feller et al., 1996).
by the calcium channel antagonist nifedipine and were Therefore, we examined whether the electrical activity
not mimicked by its enantiomer, R-BayK8644 (data not in intact retinas was sufficient to regulate the respon-
shown). Thus, the ability of depolarization to elevate siveness of the RGCs to peptide trophic factors. As
cAMP depends on extracellular calcium. described above, P8 retinas were obtained by dissec-
tion and incubated for 3 hr either with control medium,
in medium containing BDNF and CNTF, or in mediumEffects of Adenylyl Cyclase and Electrical Activity
on RGC Responsiveness in Intact Retinas containing BDNF, CNTF, and blockers of electrical activ-
ity. These blockers included a combination of tetrodo-The above findings raised the question of whether cAMP
also regulates the responsiveness of RGCs in intact toxin (TTX; 10 mM), which blocks action potentials in the
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Figure 3. MAP Kinase Immunoreactivity in
Intact Retinas
RGCs were retrogradely labeled by injection
of fluorogold on P7. On P8, the retinas were
obtained by dissection and incubated for 3
hr in a control solution (A±C) or a solution
containing 50 ng/ml BDNF, 10 ng/ml CNTF,
5 mg/ml insulin, and 1 mM CPT-cAMP (D±F).
The retinas were cryosectioned and immuno-
stained with a MAP kinase antiserum (A and
D). RGCs are labeled by fluorogold (B and E),
and nuclei are labeled by bisbenzamide (C
and F). Most RGC nuclei in the control retinas
lack MAP kinase immunoreactivity (A) but
stain brightly in the test retina (C). Represen-
tative negative (A) and postive (D) nuclei are
indicated by white arrows. Scale bar, 20 mm.
RGCs; kynurenic acid (1 mM), which blocks depolarizing 5A and 5B). In contrast, addition of the cyclic nucleotide
phosphodiesterase inhibitor IBMX together with for-glutamatergic inputs from bipolar cells onto the RGCs;
and curare (100 mM), which blocks depolarizing nicotinic skolin led to a significant increase in cAMP immunoreac-
tivity in the RGCs (Figures 5C and 5D). These observa-cholinergic inputs from amacrine cells onto the RGCs. In
control retinas, only about 18% of cells had discernible tions suggest that RGCs in vivo express a higher level
of cyclic nucleotide phosphodiesterase activity thannuclear MAP kinase (Figure 4B). When retinas were
treated with BDNF and CNTF, 61% of cells had nuclear they do in vitro. Incubation of the retinas in CPT-cAMP
also strongly increased cAMP immunoreactivity in mostreactivity (Figure 4B). This translocation of MAP kinase
into the nucleus in response to peptide trophic factors retinal cells, including RGCs, as expected (data not shown).
We next measured the time course of RGC deathwas nearly entirely abolished by treatment of the retinas
with the blockers of electrical activity (Figure 4B). CPT- after axotomy. Because we have studied the signals
necessary to promote P8 RGC survival in vitro, and be-cAMP (1 mM) completely blocked this effect, and the
protein kinase A inhibitor H89 produced a nearly identi- cause cell death occurs much more quickly in postnatal
than in adult animals, we performed the axotomies oncal inhibition of peptide-stimulated MAP kinase translo-
cation (Figure 4B). Thus, physiological levels of activity P8 rats. To determine the time course of death after
axotomy, RGCs in vivo were labeled by retrograde injec-in intact developing retinas significantly enhance the
responsiveness of RGCs to peptide trophic factors. tion of fluorogold on P7, retroorbital transections were
performed on P8, and then the animals were allowed toThese results, taken together with our in vitro data, sug-
gest that physiological levels of electrical activity most survive for various time periods prior to sacrifice. The
number of surviving RGCs was measured by countinglikely enhance RGC trophic responsiveness by elevating
intracellular cAMP levels in the RGCs. the density of surviving RGCs, as identified by the pres-
ence of the fluorogold label (see Experimental Proce-
dures). Because the fluorogold is transferred to mi-Effects of cAMP Elevation and Peptide Trophic
Factors on RGC Survival after Axotomy croglia that phagocytose the apoptosing RGCs after
axotomy, it was crucial to stain the retinal whole mountsTo determine whether the same signals that promote
the survival of purified RGCs in vitro will also promote with the microglia marker Bandeiraea Simplicifolia Lec-
tin 1 (BSL-I) conjugated to TRITC. In this way, microglialRGC survival in vivo, we tested whether these signals
will promote RGC survival after axotomy. First, we devel- cells that engulfed the fluorogold were not inadvertently
included in the counts of surviving RGCs. Most cellsoped conditions that would be sufficient to elevate
cAMP levels in RGCs in intact retinas. P8 retinas were survived for 16 hr after axotomy, but by 36 hr, death
was largely complete (Figure 6A).incubated in a solution containing forskolin (10 mM) for
1 hr and were then fixed, sectioned, and stained with We next asked whether intravitreal injection with pep-
tide trophic factors or pharmacological agents that ele-the cAMP-specific antiserum. Surprisingly, although for-
skolin alone was sufficient to markedly elevate cAMP vate cAMP could prevent the death of RGCs after axo-
tomy (see Experimental Proecedures). We performedlevels in RGCs in culture, it did not increase cAMP immu-
noreactivity in RGCs in the intact retinas (Figures 5A the axotomies on P8, at the same time as the intravitreal
injections, and then determined RGC survival after 3and 5B). It did, however, markedly increase the cAMP
immunoreactivity in a subset of amacrine cells (Figures days by counting, as described above, the density of
RGCs Lose Trophic Responsiveness after Axotomy
289
were saved. Thus, the same signals that promote RGC
survival in vitro also significantly enhance RGC survival
in vivo after axotomy.
Effects of Axotomy on RGC Responsiveness
to Peptide Trophic Factors
The ability of cAMP elevation to enhance the ability of
trophic factors to save RGCs after an axotomy, though
it did not significantly promote survival on its own,
strongly suggests that axotomy may impair the respon-
siveness of RGCs to peptide trophic factors. To test
this possibility more directly, we examined the ability of
peptide stimulation and cAMP elevation to induce MAP
kinase translocation into RGC nuclei in intact retinas
at varying times after axotomy. P8 optic nerves were
axotomized, and after 12 hr, a time when .90% of RGCs
are still alive, the retinas were dissected out and incu-
bated for 3 hr in medium containing peptides alone or
in combination with cAMP elevators. As shown in Figure
4C, in contrast to control retinas that had not been axo-
tomized (Figure 4B), peptide trophic factors were no
longer able to significantly increase MAP kinase translo-
cation unless they were paired with cAMP elevators.
These findings demonstrate that axotomized RGCs have
significantly impaired responsiveness to peptide trophic
factors and that their responsiveness can be restored,
as it can in culture, by elevation of their intracellular
levels of cAMP.
A simple potential explanation for the loss of respon-
siveness after axotomy is that the injured RGCs become
less electrically active. If so, enhancement of electrical
activity should be able to promote the ability of RGCs
to respond to and survive with trophic factor application.
Consistent with this possibility, the calcium channel ag-
onist BayK8644 mimicked the ability of CPT-cAMP to
promote survival of axotomized RGCs when combined
with trophic factors (Figure 6B). BayK8644 treatment
by itself did not save axotomized RGCs, nor did its
enantiomer R-BayK8644, either by itself or combined withFigure 4. The Effects of cAMP, Electrical Activity, and Axotomy on
trophic factors (data not shown). Moreover, BayK8644 (10Trophic Responsiveness of RGCs in Intact Retinas
mM) mimicked the ability of CPT-CAMP to enhance MAPP8 retinas from unaxotomized rats (A and B) or rats axotomized 12
kinase translocation in axotomized RGCs as did highhr prior to dissection (C) were incubated for 3 hr in the adenylyl
cyclase inhibitor SQ22536 (1 mM) (A), a combination of blockers of levels of extracellular K1 (40 mM; Figure 4C). Neither
activity (10 mM TTX, 5 mM kynurenic acid, 100 mM curare) with or BayK8644 nor K1 significantly enhanced MAP kinase
without 1 mM CPT-cAMP (B), or 10 mM BayK8644 or 40 mM KCl translocation in the absence of trophic factors (data not
(C). In each experiment, the effects of the peptides (50 ng/ml BDNF
shown).together with 50 ng/ml CNTF) on MAP kinase translocation into the
These data show that there is a close correlation be-nucleus were scored. All values represent mean 6 SEM, n 5 3, of
a representative experiment; all experiments were repeated at least tween the conditions that allow peptide trophic factors
three times. to promote RGC survival and to translocate MAP kinase.
The MAP kinase kinase (MEK) inhibitor PD98059 blocks
the ability of trophic factors to activate MAP kinase andsurviving fluorogold-labeled cells that did not stain with
to promote RGC survival in vitro (Meyer-Franke et al.,TRITC-BSL-I. There was little effect of single trophic
1998). If RGC survival in vivo also depends on MAPfactors such as BDNF or of cAMP elevation alone on
kinase translocation, then we would expect at leastRGC survival, with fewer than 10% of cells surviving 3
some RGCs to normally have MAP kinase in their nuclei.days after axotomy (Figures 6B, 7A, and 7B). Combina-
To test this, we perfusion fixed P8 rats and analyzedtions of several trophic factors, such as BDNF, CNTF,
their retinas by MAP kinase immunostaining. We foundand IGF-1, significantly enhanced RGC survival. The
that 19% 6 2% (mean 6 SEM, n 5 4) of fluorogold-best survival, however, was achieved by coinjection of
identified RGCs had nuclear MAP kinase immunoreac-several trophic factors with drugs that elevated cAMP
tivity. Furthermore, we found that after axotomy, intra-levels (Figures 6B and 7C). Under these conditions, we
ocular injection of PD98059 blocked the ability of trophicwere able to save on average about 43% of RGCs from
dying. In some experiments, as many as 60% of RGCs factors and CPT-cAMP to save RGCs (Figure 6B).
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Figure 5. cAMP Immunoreactivity in Intact Retinas
Intact P8 retinas were incubated for 1 hr in no additions (A), 10 mM forskolin (B), 1 mM IBMX (C), or 10 mM forskolin plus 1 mM IBMX (D).
Retinas were fixed and cryosectioned and the sections stained with an anti-cAMP-specific antiserum. Bright labeling of the RGC layer is
obtained only in the combination of forskolin plus IBMX. Scale bar, 40 mm.
Discussion Greenberg, personal communication). However, pharma-
cological inhibition of MAP kinase drastically impairs
RGC survival in culture (Meyer-Franke et al., 1998) asTrophic Responsiveness of RGCs In Vivo
Is Regulated by Physiological Levels well as in vivo after axotomy (present study). In addition,
the ability of trophic factors to induce MAP kinase trans-of cAMP and Electrical Activity
The present findings provide strong evidence that physi- location, both in time course and degree, directly corre-
lates with their surface levels of trophic receptors (Meyer-ological levels of cAMP and electrical activity strongly
enhance the trophic responsiveness of developing RGCs Franke et al., 1998). Furthermore, axotomized RGCs lose
the ability to translocate MAP kinase in response toin intact retinas, just as they do in purified RGCs in vitro.
First, we found that only small changes of intracellular trophic stimulation and die unless cAMP levels are ele-
vated, which also restores the ability of MAP kinaselevels of cAMP are necessary in vitro to regulate the
trophic responsiveness of RGCs and that depolarization to be translocated. Taken together, these observations
indicate an important role for MAP kinase in the promo-can produce a more than sufficient elevation of cAMP
to alter trophic responsiveness. Second, we found that tion of RGC survival and show that the ability of trophic
factors to elicit MAP kinase translocation in RGCs corre-the ability of trophic peptides to induce MAP kinase
nuclear translocation in RGCs in intact retinas is strongly lates directly with their ability to elicit a trophic response.
Thus, our findings allow us to conclude that physiologi-dependent on physiological levels of cAMP and electri-
cal activity. As activation of most trophic tyrosine kinase cal levels of electrical activity and cAMP regulate the
trophic responsiveness of RGCs in intact retinas.receptors leads to MAP kinase activation, this finding
demonstrates that physiological levels of cAMP and However, while depolarization and cAMP are of para-
mount importance in attaining sufficient activation of theelectrical activity profoundly control the ability of RGCs
in intact retinas to respond to trophic peptides. MAP kinase survival-promoting pathway in axotomized
RGCs in vitro and in vivo (see below), we have not ex-But do cAMP and electrical activity also control the
ability of trophic factors to promote the survival of RGCs cluded the possibility of a redundant, survival-promot-
ing pathway in unaxotomized RGCs in vivo that is notin intact retinas, as they do the ability of trophic factors
to induce MAP kinase translocation? There is presently dependent on cAMP or electrical activity. We do not
know yet whether blockade of RGC depolarization inno conclusive evidence that the neurotrophin-stimu-
lated survival of RGCs depends on MAP kinase activa- vivo will impair their survival. Unfortunately, the high
levels of multiple drugs needed to block depolarizingtion, as it does in the PC12 neuronal cell line (Xia et al.,
1995) and in cerebellar neurons in vitro (A. Bonni and M. inputs onto RGCs in vivo depress respiration. A more
RGCs Lose Trophic Responsiveness after Axotomy
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Figure 6. The Effects of Peptides and cAMP Elevation on RGC Sur-
vival after Axotomy
In (A), the time course of RGC survival after retroorbital axotomy,
as assessed by RGC density, is shown. In (B), the effects of various
peptide trophic factors and cAMP elevation, as indicated, on RGC
survival 72 hr after axotomy are shown. All values represent mean 6
SEM, n 5 3, of a representative experiment; all experiments were
Figure 7. Appearance of RGC Layer before and after Axotomyrepeated at least three times.
RGCs were retrogradely labeled by fluorogold injection on P7. On
P8, the optic nerves of some rats were retroorbitally transected.
Control rats received only a sham intraocular injection; test rats
specific, targeted way to prevent depolarization of RGCs received an intraocular injection of BDNF, CNTF, insulin, and CPT-
is needed. cAMP. After 3 days, the retinas were obtained by dissection, fixed,
and examined with fluorescence microscopy. Fluorogold labeling
in the RGC layer of control, unaxotomized, and uninjected rats isRGCs Die after Axotomy for at Least Two Reasons:
shown in (A); of axotomized, sham injected rats in (B); and of axotom-They Lose Trophic Responsiveness and They
ized, trophic factor, and CPT-cAMP injected rats in (C). Most of the
Lose Trophic Stimulation fluorogold labeling in (B) is within microglial cells (white arrows) but
The present results provide two lines of evidence that is in RGCs in (C) (white arrows). Scale bar, 45 mm.
axotomized RGCs have significantly impaired respon-
siveness to trophic peptides. First, the axotomized
RGCs, like RGCs in culture, can only be saved by trophic It has not been clear why many types of CNS neurons
die after axotomy. Both developing and adult RGCs diepeptides if their cAMP levels are increased. Second,
whereas stimulation by peptide trophic factors induces after axotomy, though death occurs much more rapidly
in developing animals (Villegas-Perez et al., 1993; Ber-translocation of cytoplasmic MAP kinase into the nuclei
of RGCs that have not been axotomized, they cannot kelaar et al., 1994). The death of most of the axotomized
RGCs is caused by apoptosis, which can largely beinduce translocation in axotomized RGCs. This loss of
responsiveness occurs at a time when most of the RGCs prevented by overexpression of bcl-2, a powerful inhibi-
tor of programmed cell death (Bonfanti et al., 1996;are still alive and can still be saved from cell death.
Our findings strongly suggest that this loss of trophic Cenni et al., 1996). This suggests that axotomized RGCs
die because of trophic deprivation caused by the axo-responsiveness is an important causal contributor to
the death of RGCs after axotomy. tomy-induced disconnection of the neuronal cell body
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from its target-derived trophic peptides, which, ac- of cAMP would be sufficient to significantly impair RGC
responsiveness. Because physiological levels of cAMPcording to the neurotrophic hypothesis, are thought to
be crucial for neuronal survival (Purves, 1988). There- play a crucial role in controlling the responsiveness of
RGCs to peptide trophic factors, a simple way cAMPfore, it has been surprising that delivering exogenous
trophic peptides has so far been minimally if at all effec- levels could fall is if the activity of axotomized RGCs is
decreased. Our in vitro experiments demonstrate thattive for saving axotomized RGCs. For instance, in most
studies, intravitreal injection of BDNF or CNTF has not calcium influx mediates the depolarization-induced in-
crease in cAMP levels in RGCs in vitro. A decrease insignificantly promoted the survival of RGCs in devel-
oping or adult rats (Mey and Thanos, 1993; Weibel et electrical activity would thus be expected to decrease
calcium influx into the axotomized RGCs, thereby pro-al., 1995; present study). One lab has reported a weak
but transient effect of BDNF (Mansour-Robaey et al., 1994; ducing less activation of their type 1 calcium-dependent
adenylyl cyclase. Our finding that the calcium channelClarke et al., 1998; Dipolo et al., 1998). However, the
measures necessary to distinguish microglia from sur- agonist BayK8644 mimics the ability of CPT-cAMP to
promote MAP kinase translocation and survival in re-viving RGCs were not performed in these latter studies,
the importance of which has previously been stressed sponse to trophic factor treatment of axotomized retinas
is strongly consistent with this hypothesis.(Mey and Thanos, 1993).
The present findings show that the delivery of trophic Why would axotomized RGCs be less active? Several
hours after the axons of spinal motor neurons are axo-peptides is essential for saving axotomized RGCs but
that they work best if used in combination with pharma- tomized, presynaptic synapses are ªstrippedº off by
microglial cells (Blinzinger and Kreutzberg, 1968), but itcological agents that enhance trophic responsiveness.
We found that exactly the same combination of signals is not known whether synaptic stripping occurs on other
types of CNS neurons. Synaptic stripping would de-that promotes the survival of purified (and thus axotom-
ized) RGCs in vitro also promotes the survival of axotom- crease depolarizing inputs as well as the peptidergic
inputs that regulate their cAMP levels. Moreover, synap-ized RGCs in vivo. We could only save about half of
axotomized RGCs with the combination of cAMP eleva- tic inputs from amacrine cells onto RGCs induce waves
of electrical activity and intracellular calcium elevationtion, BDNF, CNTF, and IGF-1. We do not know, however,
whether plateau levels of all of these signals were main- that sweep across the RGC layer of developing retinas
in ferrets and rodents (Meister et al., 1991; Feller et al.,tained for the entire 3 day test period. In addition, these
conditions are not sufficient to save all of the purified 1996). The elevation of intracellular calcium that occurs
with these waves of activity would be expected to ele-RGCs in culture either. Important target- and glial-
derived trophic peptides for RGCs have not yet been vate cAMP levels in the RGCs. An important next step
in understanding why axotomy induces the apoptosisidentified (Meyer-Franke et al., 1995). Furthermore, tro-
phic signals would be expected to save primarily RGCs of RGCs will be to determine whether axotomy decreases
the electrical activity of the RGCs, and if so, why.undergoing apoptotic death but not RGCs undergoing
the necrotic death secondary to axotomy-induced me- cAMP levels control the levels of trophic receptors
such as TrkB on the surfaces of RGCs in culture (Meyer-chanical or inflammatory damage (Thanos et al., 1993;
Cui and Harvey, 1995). Such necrotic causes of death Franke et al., 1998), which is presently the simplest
explanation for how cAMP controls trophic respon-may be important contributors to axotomy-induced RGC
death, as overexpression of the apoptotic inhibitor bcl-2 siveness. Thus, we hypothesize that physiological levels
of activity, cAMP, and axotomy regulate the trophic re-is only able to save about 65% of axotomized RGCs
from dying (Cenni et al., 1996). Nonetheless, taken to- sponsiveness of RGCs in intact retinas by regulating
their surface levels of trophic receptors. Unfortunately,gether, the loss of trophic responsiveness after axo-
tomy, the ability of cAMP to restore it, and the ability of this hypothesis is presently difficult to test, because
RGCs constitute only 0.5% of total retinal cells, andtrophic factors with cAMP to save axotomized RGCs
indicate that RGCs die after axotomy for at least two other retinal cell types also express TrkB. We have been
thus far thwarted in our attempts to selectively stainreasons: they are deprived of trophic stimulation, and
they lose trophic responsiveness. the surfaces of RGCs in intact retinas. We have found,
however, that 12 hr after axotomy, nearly all RGCs stillAlthough we have so far focused on developing, post-
natal RGCs, we anticipate that our findings will be rele- exhibit bright intracellular immunoreactivity for TrkB
(data not shown), as they do in vitro in the absencevant to understanding why adult RGCs die after axotomy.
By P8, RGCs are relatively mature, having completed of cAMP or depolarization (Meyer-Franke et al., 1998).
Thus, loss of responsiveness to BDNF cannot be ex-the phases of normal cell death and target innervation.
In addition, RGCs purified from adult rat retinas survive plained by a decrease in transcription or translation of
TrkB (S. S. et al., unpublished data).in response to the same stimuli as P8 RGCs, in particular,
requiring cAMP elevation to survive in response to stim-
ulation by peptide trophic factors such as BDNF (S. S. Potential Implications of Activity-Dependent Control
et al., unpublished data). of Trophic Responsiveness for the Neurotrophic
Hypothesis and CNS Regeneration
Our findings suggest that the neurotrophic hypothesisWhy Do Axotomized RGCs Lose Responsiveness
to Peptide Trophic Factors? may be too simple a theory to account for the death of
developing CNS neurons. At least 50% of the RGCs thatThe simplest explanation for why RGCs lose trophic
responsiveness after axotomy is that their intracellular are generated in early development undergo normal cell
death (Potts et al., 1982). It is thought that the RGCslevels of cAMP quickly decrease. Halving basal levels
RGCs Lose Trophic Responsiveness after Axotomy
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Experimental Proceduresthat survive are those that successfully innervate their
tectal and lateral geniculate nucleus target cells and
Detailed step-by-step protocols for all procedures are availablethus obtain peptide trophic stimuli. Our findings that
upon request (barres@stanford.edu).
the responsiveness of RGCs in intact retinas to trophic
stimuli depends on cAMP elevation and electrical activ- Reagents
ity raise the additional possibility that surviving RGCs Several recombinant trophic factors were generously provided by
Regeneron (human BDNF, CNTF). Other recombinant peptide tro-must also correctly wire into the local retinal circuitry in
phic factors were obtained from Peprotech (Princeton, NJ). Insulinorder to respond to the target-derived trophic factors.
was obtained from Sigma. Forskolin, IBMX, BayK8644, TTX, andCells that reach the target correctly but fail to wire into
curare were obtained from Research Biochemicals International,the local circuitry correctly would thus be eliminated,
and kynurenic acid was obtained from Tocris Neuramin (Bristol, UK).
which makes sense, as these cells would not be useful The rabbit polyclonal anti-MAP kinase antiserum was obtained from
in relaying visual stimuli. In the adult, RGCs continue to Oncogene Science, and the rabbit anti-cAMP antiserum was gener-
ously provided by Anthony Wiemelt and F. Arthur McMorris.depend on neurotrophic stimulation. Thus, understand-
ing the stimuli that promote the survival of RGCs in vivo
Purification and Culture of RGCsis clearly of critical relevance to developing methods to
RGCs from P8 Sprague-Dawley rats (Simonsen Labs, Gilroy, CA)save adult RGCs after optic nerve injuries and diseases,
were purified essentially as previously described (Barres et al.,
such as glaucoma, that induce RGC death. 1988). P8 retinas were dissociated enzymatically with papain to
Although our studies have so far focused on the con- make a suspension of single cells, essentially as described by Huett-
trol of neuronal survival, it is likely that they are also ner and Baughman (1986). By using sequential immunopanning,
RGCs were isolated from these retinal suspensions to .99.5% pu-directly relevant to the control of neuronal process sur-
rity. Approximately 5,000 purified RGCs were cultured in 96-wellvival and growth. Growth cones of neuronal processes
plates (Falcon) that had been coated with poly-D-lysine (PDL; 70must be directly stimulated by peptides to induce their
kDa, 10 mg/ml; Sigma) followed by merosin (2 mg/ml; Telios/Gibco)
survival and growth (Campenot, 1994), and the same in 100 ml of a serum-free medium containing Neurobasal (NB), a
signals that promote RGC survival also produce the recently described medium that has been optimized for neuronal
growth of their processes. The present findings show cell culture (Brewer et al., 1993). The serum-free additives included
bovine serum albumin (BSA), selenium, putrescine, thryoxine, tri-that depolarization elevates cAMP levels within pro-
iodothyronine, transferrin, progesterone (Bottenstein-Sato medium)cesses and growth cones within minutes after stimula-
modified from Bottenstein and Sato (1979), pyruvate (1 mM), gluta-tion begins. Thus, an important implication of our find-
mine (1 mM), and the appropriate trophic factors.
ings is that the growth of the processes of CNS neurons
in vivo may also depend on local regulation by cAMP MTT Survival Assay
levels and electrical activity. Active processes would The MTT survival assay was performed as described by Mosmann
thus survive and grow in response to peptide trophic (1983). MTT (Sigma) was dissolved in phosphate-buffered saline
(PBS) at 5 mg/ml and sterilized by passage through a Millipore filterstimulation better than silent or less active processes.
(0.22 mm). This stock solution was added to the culture well (1:9)This possibility is strongly supported by the recent find-
and incubated at 378C for 1 hr. Viable cells with active mitochondriaing that neurotrophin-induced growth of dendrites of
cleaved the tetrazolium ring into a visible dark blue formazan reac-
cerebral cortical neurons in ferret brain slices is depen- tion product. The viable and dead cells in each well were counted
dent on electrical activity (McAllister et al., 1996). by bright-field microscopy. All values are given as mean 6 SEM of
Therefore, the most important implication of the pres- at least three cultures. The results of representative experiments
are shown.ent findings is their potential relevance to understanding
why axons in the damaged CNS do not regenerate. In
Measurement of Nuclear Translocation of MAP Kinasepart, as a great deal of evidence presently indicates,
Intact P8 retinas that had been retrogradely labeled on P7 withthe regeneration of CNS axons may be prevented by an
fluorogold (see below) were incubated in various solutions as de-
inhibitory CNS environment. This cannot be the entire scribed in the text and fixed with 4% paraformaldehyde in PBS (pH
explanation, however, because alleviating this inhibition 7.4) for 60 min. Cryosections (5 mM) were prepared, dried at 378C
does not promote significant regeneration, though it for 30 min, rinsed in PBS, and blocked for 30 min in a Tris solution
containing 50% goat serum and 0.4% Triton X-100. The sectionsgenerally produces small enhancements in regenerative
were then incubated overnight at 48C with a polyclonal antiserumability. This was strikingly demonstrated by the experi-
directed against MAP kinase (10 mg/ml; catsc-93-G, reactive withments of Albert Aguayo, who showed that 95% of axo-
ERK1/ERK2; Santa Cruz). The primary antibody was detected with
tomized RGCs still fail to regenerate when a sciatic nerve a Texas red±coupled anti-rabbit immunoglobulin G (IgG; 10 mg/ml;
graft is substituted for the optic nerve (Bray et al., 1991). Jackson Immunoresearch) for 1 hr. Cells with bright nuclear staining
were counted as positive. Cells (200) were evaluated per section,The present findings strongly suggest that CNS neurons
and two sections were counted from eight to ten retinas per condi-that are axotomized fail to regenerate not only because
tion. All experiments were repeated a minimum of three times. Rep-of an inhibitory environment but also because of a tro-
resentative data from typical experiments are shown.phic control problem. This trophic control problemÐ
deprivation of needed trophic stimuli and loss of respon- cAMP Immunofluorescence Staining
siveness to these stimuliÐresults either in the death of cAMP immunostaining was performed on RGC cultures and retinal
the axotomized neuron or the failure of the axotomized cryosections with a polyclonal antiserum and a procedure devel-
oped by Wiemelt et al. (1997). In brief, an antibody to cAMP wasaxon to reextend. The implication is that the promotion
prepared by immunizing a rabbit with a protein carrier coupled toof axonal regeneration will not be solved simply by allevi-
cAMP with acrolein. For immunostaining of cultures, z20,000 RGCsating inhibition and providing trophic factors but will
were plated onto PDL- and merosin-coated coverslips and were
also require interventions that enhance the trophic re- cultured in serum-free medium containing BDNF, CNTF, and IGF-1
sponsiveness of the injured neurons and their pro- (Meyer-Franke et al., 1995) for 3 days. Cells were incubated with
0.02% BSA/NB for 45 min 3 3 washes to decrease cAMP levels tocesses.
Neuron
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baseline. RGCs were then cultured with 500 ml of medium containing retinal blood supply. To ensure that the retinal circulation was not
interrupted, a drop of saline was placed on the cornea postopera-variously, as described in the text, 10 mM forskolin (Sigma), 200 mM
IBMX, 40 mM K1, or 0.2% BSA (only as a control) for 20 min at 378C. tively, a coverslip was applied, and the fundus oculi were examined
with the aid of a dissecting microscope. The retinal arteries andThe cells were then fixed with 5.5% acrolein (v/v) in a 0.1 M sodium
acetate±buffered solution (pH 4.75) for 1 hr at room temperature. veins were visualized, and any animals that lacked intraretinal vessel
pulsations or whose retinas showed signs of ischemic damage wereFor immunostaining of cryosections, retinas were fixed with acrolein
for 1 hr at room temperature, incubated in 30% sucrose until equili- discarded. At least four to five rats that had good ocular fundus
blood circulation were used for each experimental group.brated, embedded with OCT compound, and cryosectioned at 8 mM.
The cells or retinal cryosections were washed in a quenching
solution containing 1 mg/ml glycine for 30 min followed by 1% Intraocular Injections
sodium borohydride for 30 min. After incubating the cells or sections At the time of the optic nerve transection, a single injection of 1 ml
in a 50% goat serum containing solution to block nonspecific bind- of a 0.2% BSA solution containing various combinations, as indi-
ing, the cultures were then stained by incubating them overnight at cated in the text, of BDNF (100 ng), CNTF (10 ng), insulin (5 mg), 3
48C in the anti-cAMP antiserum diluted 1:50 in a 50 mM Tris HCl mM forskolin, 40 mM IBMX, 1.25 mM CPT-cAMP, 100 mM BayK8644,
solution (pH 7.5) containing 0.4% Triton X-100. The cultures were or 200 mM PD98059 was given slowly over about 2 min with a 5 ml
rinsed three times in the Tris solution and incubated in a biotin- Hamilton syringe through a 34 gauge needle. Drugs were used at
conjugated goat anti-rabbit IgG (Amersham) at 10 mg/ml at room concentrations 10 to 100 times higher than in culture, because they
temperature for 1 hr. The cultures were rinsed three times in the Tris slowly diffuse away over several days after intravitreal injection.
solution and incubated in a 10 mg/ml FITC-conjugated streptavidin Injections were made into the vitreous by placing the needle just
solution for 1 hr at room temperature. The cultures were rinsed in posterior to the corneoscleral junction.
the Tris solution three times, mounted in Citifluor on glass slides,
sealed with nail varnish, and examined in a Nikon fluorescence
RGC Density Determination in Retinal Whole mountsmicroscope as described above. The cAMP antiserum is highly spe-
Three days after optic nerve transection, postnatal rats were anes-cific for cAMP (Wiemelt et al., 1997).
thetized with ether and sacrificed by perfusion with 4% paraformal-
dehyde solution. The retinas were dissected, and four cuts were
Cellular cAMP Assay made from the edge into the center of retina in order to flatten them.
The cAMP RIA was performed with the BIOTRAK cAMP [125I] assay The retinas were then fixed again with 4% paraformaldehyde for
system (Amersham, RPA 509). RGCs (20,000) were plated per well one more hour at room temperature. After rinsing with a Tris solution
in a 24-well plate and incubated for 24 hr in serum-free medium. containing BSA and 50% goat serum, the retinas were stained with
The cells were then washed three times for 20 min intervals with rhodamine-conjugated BSL-I (1:500; Vector Laboratories, Bur-
0.2% BSA. The cells were incubated for 1 and 24 hr at 378C with lingame, CA) in order to label microglia, many of which contained
0.2% BSA containing either nothing, 10 mM forskolin, 0.1 mM IBMX, fluorogold after phagocytosis of apoptotic RGCs from atrophic but
forskolin and IBMX together, trophic factors, or forskolin and trophic surviving RGCs, which also contained fluorogold. The whole retinas
factors as indicated. After incubation, the cells were permeabilized were mounted on glass slides in Citifluor and sealed with nail var-
with ice-cold ethanol, and the RIA was performed according to the nish. RGC densities were determined for experimental and control
manufacturer's instructions. Each sample was counted for 60 s by retinas by counting the number of fluorogold-labeled neurons in the
an autosampling g scintillation counter (Beckman), and the cAMP same center area of each retina under higher magnification with a
values were obtained by a standard curve. Zeiss fluorescence microscope. All experiments were repeated a
minimum of three times. Representative data from typical experi-
Preparation of Retinal Sections ments are shown.
The retinas were dissected and incubated with 0.2% BSA/NB, then
incubated in a solution containing various peptides or drugs as
Acknowledgmentsindicated in the text, including 10 mM forskolin, 1 mM IBMX, 50 ng/
ml BDNF, 50 ng/ml CNTF, 50 ng/ml IGF-1, 10 mM TTX, 100 mM
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